Brine, a by-product in the process of constructing gas storage caverns in salt deposits, has been discharged into Puck Bay by a system of diffusers since autumn 2010. In-situ measurements taken in the period of October 2010 − December 2012 were used to assess salinity changes in the vicinity of the discharge installation. The measured salinity values included two components: the natural, representing salinity in the absence of discharge, and salinity excess due to brine discharge. Owing to the limited number of locations in the Gulf of Gdańsk where the national program of monitoring environmental changes is carried out, it was impossible to determine exactly the natural component. As a consequence, four estimation methods were proposed. A detailed analysis was carried out for the second half of 2012, when parameters of brine were close to the maximum permissible values. It was found that the average salinity excess in the vicinity of the installation rarely reached 0.5 PSU, and the maximum values at individual sites occasionally reached 0.6 PSU. It was shown that the local wind plays an important role in brine mixing with the surrounding environment, however, it is not sufficient to explain the observed salinity patterns.
INTRODUCTION
It is a common practice to dispose liquid waste in the ambient water body. To limit negative consequences of such practices, it is necessary to ensure appropriate mixing of the effluent with the surrounding environment. Brine, a by-product in the process of creating gas storage caverns in salt deposits, has been discharged into Puck Bay since the autumn of 2010. The construction of brine discharge installation was preceded by the theoretical analysis of brine mixing with ambient stagnant water. The analysis was based on the expected brine parameters, such as a discharge rate, saturation, and exit flow velocity (Robakiewicz 2009a (Robakiewicz , 2009b ). The previous in-situ observations (Nowacki 1993; Jasińska, Robakiewicz 1999) showed that stagnant water conditions hardly ever occur in Puck Bay, which means that the pre-investment study was carried out for the most unfavorable conditions. That study was based on theoretical analysis and laboratory experiments of a single jet behavior in the ambient stagnant environment (Abraham 1971; Delvigne 1979; Wood et al. 1993; Mendez-Diaz, Jirka 1996) .
The aim of the presented study was to analyze the real-life mixing of brine in Puck Bay using in-situ measurements taken in 2010-2012.
Installations for brine discharge are present in many coastal regions where, due to shortage of drinking water, desalination plants are located. To support those investments, a variety of laboratory tests dealing with negatively buoyant jets were carried out (e.g. Kikkert et al. 2007; Jirka 2008; Roberts, Toms 1987; Roberts et al. 1997; Nemlioglu, Roberts 2007; Papakonstatis et. al 2011a Papakonstatis et. al , 2011b . At the same time, it is rather unique to monitor in-situ discharges extensively. Usually field measurements were limited to a few points in the vicinity of a given installation (e.g. Fernandez-Torquemada et al. 2005) , sometimes they covered a few campaigns (e.g. Marti et al. 2011; Loya-Fernandez et al. 2012) ; only occasionally more extensive measurements were carried out (e.g. James et al. 1984) . However, the necessity for an extensive monitoring program has recently been brought back (Fernandez-Torquemada and Sanchez-Lizaso 2007) .
MATERIALS AND METHODS
Puck Bay is a shallow water body located in the western part of the Gulf of Gdańsk, where currents are mainly wind driven and modified by coastline and bottom configurations (Fig. 1) . The area is characterized by low salinity, with some variation in time and space (Fig. 2) . The highest salinity values of up to 11 PSU are observed in the bottom layer near the end of the Hel Peninsula (P104) where salt water from the deeper part of the Baltic flows into the Gulf of Gdańsk. Salinity in the Puck Lagoon is usually lower and varies in the range of 6 -7 PSU, whereas at the coastal stations in Gdynia and Hel, located at the eastern boundary of Puck Bay, salinity varies from 3 to 8 PSU (see Fig. 2 ; example for 2010 -2012) .
Mixing of brine with the surrounding environment occurs on two spatial scales. In the near field of the installation, brine jets (fluid of density ρ0) are released into the marine environment (fluid of density ρa; ρa< ρ0) at an angle of Θ = 45 0 with the exit flow velocity U from a nozzle of diameter d (see Fig.  3 ). In the far field, the diluted brine is transported and dispersed by water currents in the Gulf of Gdańsk.
The brine disposal installation located in the Outer Puck Bay consists of 4 arms. Each arm is equipped with 4 heads (labeled D, see Fig. 4 ) spaced at 45 m intervals, and each head has 3 nozzles. The center of the installation S is located 2300 m offshore. At the early stage of its operation, the nozzles had a diameter of 0.008 m. In the summer of 2011, they were replaced with nozzles of 0.009 m diameter due to their high resistance to motion along the pipelines.
According to the administrative decision issued by the Pomeranian Provincial Office in Gdańsk, the maximum discharge cannot exceed 300 m 3 h -1 for the analyzed brine disposal system, and the maximum saturation must be limited to 250 kg m -3 . In addition, the applied technology has to ensure a salinity Kamińska 2012a Kamińska , 2012b Kamińska , 2013 increase of up to max 0.5 PSU. In the autumn of 2010, the construction of gas storage caverns has started together with the monitoring of brine diffusion in Puck Bay. The present analysis is based on 17 CTD profiles located in the vicinity of the installation carried out in the period of October 2010 -December 2012 (Fig. 5) . Parameters of the discharged brine (brine saturation and density, volume -total and divided into arms), continuously monitored by the installation operator, are incorporated in the analysis.
To compare mixing ability of a brine jet with the ambient environment, the densimetric Froude number F0 was applied. This number, viewed as a ratio of inertia to buoyancy forces, is defined (Fisher et al. 1978) as:
where: U0 − exit flow velocity, d -nozzle diameter, ρa -density of ambient water; ρ0 -density of effluent, g -acceleration due to gravity.
Its value represents the ability of a single jet to mix with stagnant environment, and is dependent on a density difference between effluent and ambient water, exit flow velocity and diameter of a nozzle. It does not take into account any external processes. Based on the pre-investment study, its value should not be smaller than 330 in order to limit the salinity excess to 0.5 PSU.
RESULTS
The analyzed period of October 2010 -December 2012 covers the early, intermediate and final stages of the cavern construction process, in which salt was dissolved with water and parameters of the resultant brine increased gradually up to the maximum permissible levels set by the authorities. During that period, brine saturation increased from the initial ~25 kg m -3 to the maximum value of 250 kg m -3 reached in the summer of 2011. Over the same period, the density of the effluent increased from 1016 kg m -3 to 1160 kg m -3 . The total amount of discharged brine varied from 120 m 3 h -1 to the upper limit of 300 m 3 h -1 . On the basis of available records it is possible to analyze changes in the rate of discharge through particular arms (Fig. 6a) . In the first months, brine was discharged only for a few hours a day; from the summer of 2011 onwards, the discharge became continuous. As defined by the densimetric Froude number, the exit flow velocity at a discharge point plays a crucial role in the process of mixing. In the period of October 2010 − December 2012, this velocity varied in individual arms from 20 to 35 m s -1 (Fig. 6b) , but the range of velocity variation became narrower (23 -30 m s -1 ) when discharge reached the maximum permissible value of 300 m 3 h -1 (the second half of 2012). At that time, the exit flow velocities in individual arms became nearly regular, with some noticeable differences between the arms (minimum 24.3 m s -1 in D2; maximum 28.8 m s -1 in D1).
At the early stage of operation, the densimetric Froude number, calculated using the density of effluent measured directly by the operator of installation and the density of ambient water determined using CTD data, reached the value of 1000. At the final stage, its value dropped to 200 − 250 (Fig. 6c) , and the lowest value of 170 (26.08.2011) was observed during the maintenance of the installation.
In order to assess the maximum influence of brine discharge on the immediate environment, let us concentrate on the final stage, when brine parameters reached the maximum permissible levels. The overview of brine characteristics presented in Fig. 6 refers to the points in time when measurements were taken, but salinity patterns in the vicinity of the installation reflect the influence of brine discharged in the preceding period. From July 2012 onwards, brine was discharged almost continuously with some variations in saturation and the amount. The measurements taken in the second half of 2012 are analyzed in detail.
In most cases, a comparison of average densities of effluent and ambient water (Fig. 7 -top) , the average exit flow velocities in individual arms (Fig. 7 -middle) and densimetric Froude numbers (Fig. 7 bottom) calculated for 1-day and 3-day periods preceding the in-situ measurements shows their close similarity. Only in a few cases some velocity differences, not exceeding 5 m s -1 , and the densimetric Froude numbers different by as much as 40 can be observed. From the above comparison, it can be concluded that the in-situ measurements in the vicinity of the installation in the second half of 2012 were taken under similar discharge conditions.
Wind plays an important role in the process of brine mixing. Continuous measurements of wind direction and magnitude (location S, see Fig. 5 ) confirmed earlier assumption that windless conditions in the region of interest occur extremely rare. For the sake of illustration, examples of wind velocities averaged over 3, 6, 12, 24 and 72 hour periods preceding the in-situ measurements are given in Fig. 8 . To illustrate the salinity changes over time at the center of the installation, all CTD data collected in the years 2010 -2012 are presented in Fig. 9 . Salinity at the center of the installation has a layered structure, and the maximum value at the bottom usually does not exceed 7.3 -7.4 PSU. In two periods, February-April 2012 and NovemberDecember 2012, more intensive mixing of brine coincided with higher salinity values (up to 8.4 PSU) at the bottom.
In the case of stagnant water, salinity should reach the maximum value at the center of the installation. Under actual conditions, when water is hardly ever stagnant, the maximum values are observed near the center. This effect is well reflected in the measurements of the bottom layer (i.e. 0.5 m above the bottom) which are presented in Fig. 10 . The spatial distributions of salinity in the bottom layer on selected dates in 2012 show various patterns dominated by a "plume" of increased salinity to the north -north-west of the installation center.
The results presented above and similar results for the sub-surface layer (i.e. 1 m below the free surface) for the second half of 2012 will be analyzed in detail. It should be kept in mind that the selected period was characterized by homogenous conditions in terms of brine parameters and by wind conditions changing in time.
In the sub-surface layer, at the center of the installation (location S), salinity varied in the range of 7.30 -7.54 PSU (Fig. 11a) . A similar range of 08.2012; b − 16.11.2012 ; c − 3.12.2012 variations was observed for the average salinity in 16 profiles in the near field of the installation (7.22 -7.54 PSU). The maximum range of salinity variations in the sub-surface layer on a single date reached 0.12 PSU (1.08.2012), whereas the maximum difference between the location S and the average for 16 verticals amounted to 0.04 PSU. The collected data reveals no systematic salinity change. This suggests that the salinity in the sub-surface layer in the area covered by CTD measurements remains at the natural level, i.e. the influence of brine discharge can be neglected.
Much higher salinity variations were observed at the bottom (Fig. 11b) . In most cases, salinity patterns were asymmetric with regard to the location S, and the maximum value was often observed in the closest vicinity of the installation (locations 9, 10, 17, 18) . This situation reflects the movement of diluted brine due to the local currents. Differences between the maximum and minimum values in individual cases varied in the range of 0.12 -0.49 PSU.
DISCUSSION
Salinity measured in the vicinity of the brine disposal installation includes two components: (1) the natural component representing the salinity value in the absence of discharge, (2) salinity excess due to on-going discharge. In practice, it is impossible to determine precisely the natural component because of its spatial and temporal variability in Puck Bay. The national monitoring program for the Gulf of Gdańsk covers only a few locations where measurements are taken at most once a month. For this reason it is impossible to find any location in the Gulf to be used as a reference for the area of interest. In these circumstances, the salinity excess can only be estimated. For this purpose, several methods can be proposed:
Method 1
The salinity difference between the bottom and sub-surface layers at the installation center;
Method 2 The mean salinity difference between the bottom and sub-surface layers at the center and in the closest vicinity of the installation: a (profiles: S, 9, 10, 17, 18), and b (17 profiles);
Method 3
The maximum salinity difference between the bottom and sub-surface layers at the center and in the closest vicinity of the installation: a (profiles: S, 9, 10, 17, 18), and b (17 profiles);
Method 4
The maximum salinity difference (min-max) in the bottom layer in the area covered by the measurements.
Methods 1, 2, and 3 assume that the natural salinity in the water column does not vary and is equal to salinity in the sub-surface layer. This assumption is true only in the case of fully mixed conditions. Estimates made in this manner should be regarded as the upper limit of salinity excess. Method 4 assumes that the area of measurements is large enough to cover at least one profile not affected by brine discharge.
In most cases, the comparison of the estimates obtained by methods 1 and 2a, b (Fig. 12a) shows that salinity excess at the installation center was higher than the average salinity excess on both spatial scales. At the same time, the maximum difference between the sub-surface and the bottom never occurred at the center of the installation (Fig. 12b) , and on some dates the maximum occurred in the area covered by 17 profiles. There is no clear relationship between the estimates obtained by methods 1 and 4 (Fig. 12c) , but the estimates based on the maximum difference in verticals (method 3) are higher than those based on the salinity difference in the bottom layer only (method 4; Fig. 12d ). It should be mentioned that only salinity excess values obtained by method 3 were close to or occasionally exceeded 0.5 PSU. In order to assess the role of wind in the mixing of brine with the surrounding environment, the average wind speed for the period preceding the insitu measurements (1-day and 3-day periods) was compared with the excess salinity estimated by the 4 methods presented above (Fig. 13 a-f) . The obtained results show a rather clear negative relationship between the average wind speed and the excess salinity estimated by the method 2b (Fig. 13e) , i.e. intensification of mixing processes with the increasing wind. It should be noticed, however, that there is a rather small difference between the two compared sets. Similar comparison for a limited area (Fig. 13b ) partly confirms the above remarks, probably due to a very small area considered.
A relatively large scatter of data can be observed for the excess salinity estimated by the other methods (Fig. 13a, c, d, f) suggesting that a local wind is not directly responsible for the observed salinity patterns. To explain better the measured 
CONCLUSIONS
Measurements taken in 2010 -2012 in the vicinity of the brine disposal installation have shown salinity variations in the sub-surface layer in the range of 7.2 -7.6 PSU; those values can be assumed as natural variation in the region in the analyzed period. At the same time, it is not possible to determine the natural vertical salinity variation. As a consequence, the salinity excess due to brine discharge can only be estimated. On average, the estimated values did not exceed the permissible level of 0.5 PSU; only occasionally for a few profiles the estimates of 0.6 PSU were obtained.
A detailed analysis of the measurements taken in July -December 2012 showed that the maximum salinity values at the bottom were shifted away from the installation center, which results from the natural processes in the ambient environment.
The densimetric Froude number calculated for the real-life discharge conditions was lower (220 − 250) than that calculated for the assumed design conditions (330), nevertheless the estimated salinity excess met the required value. It means that mixing conditions occurring in nature in the case of moderate wind conditions were more favorable than those assumed at the design stage. It confirms the theoretical study (Wood et al. 1993) showing the intensification of brine mixing with the ambient environment by a current.
Based on the presented analysis, it can be concluded that the local wind plays an important role in mixing of brine with the surrounding environment, but it is not sufficient to explain the observed salinity patterns. More detailed analysis of hydrodynamic conditions in Puck Bay preceding the in-situ measurements is required.
